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1Department of Physics and Astronomy and 2Department of Radiology, University of Pittsburgh, Pittsburgh, PennsylvaniaABSTRACT We found recently that polar flagellated marine bacterium Vibrio alginolyticus is capable of exhibiting taxis toward
a chemical source in both forward and backward swimming directions. How the microorganism coordinates these two swimming
intervals, however, is not known. The work presented herein is aimed at determining the response functions of the bacterium by
applying a stepwise chemoattractant stimulus while it is swimming forward or backward. The important finding of our experiment
is that the bacterium responds to an identical chemical signal similarly during the two swimming intervals. For weak stimuli, the
difference is mainly in the amplitudes of the response functions while the reaction and adaptation times remain unchanged. In
this linear-response regime, the amplitude in the forward swimming interval is approximately a factor of two greater than in the
backward direction. Our observation suggests that the cell processes chemical signals identically in both swimming intervals, but
the responses of the flagellar motor to the output of the chemotaxis network, the regulator CheY-P concentration, are different.
The biological significance of this asymmetrical response in polar flagellated marine bacteria is discussed.INTRODUCTIONMarine bacterium Vibrio alginolyticus is capable of swim-
ming in both forward and backward directions propelled
by the counterclockwise (CCW) and clockwise (CW)
rotations of a polar flagellar motor. At the beginning of
each forward interval, the cell randomizes its swimming
direction by a flick at the base of the flagellum (1). Such
a run-reverse-flick swimming pattern allows the microor-
ganism to perform chemotaxis at a nearly 100% duty cy-
cle, likely improving its fitness in a marine environment.
However, aside from swimming interval statistics that
had been carefully quantified (2), not much is known about
how the forward and backward swimming intervals are
regulated by the chemotaxis network. How does the bacte-
rium respond to an identical signal when the motor is in
the CCW or CW direction? What are the causes for the dif-
ference, if any? And what are the biological implications?
These are the issues that we attempt to address in this
article.
In a previous study using optical trapping, we determined
the overall chemotactic response of V. alginolyticus (3).
The response function in this case is the total switching
rate kT, which is the mean of the switching rates from
CCW to CW (kf) and from CW to CCW (kb), after an impul-
sive chemoattractant stimulus is applied. It was found
that the response function is biphasic; i.e., kT is depressed
shortly after the stimulation; it then increases rapidly, over-
shooting its prestimulation value k0; and it finally plateaus
to a steady-state value kN. For a low level of stimulation,Submitted October 23, 2014, and accepted for publication November 24,
2014.
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0006-3495/15/02/0766/9 $2.00kN closely matches k0, indicating that adaptation of this bac-
terium is precise. The observed behaviors are similar to
what was seen in Escherichia coli except that in E. coli
the response is measured in terms of motor bias instead
of the overall switching rate kT(t) (4). We note that this
difference is important because the marine bacterium is
capable of performing chemotaxis when the flagellar
motor is in either direction, leaving the motor bias more
or less constant. This apparent symmetry in CCW and
CW motor rotation raises the interesting question of
whether the cell differentiates its swimming direction
during chemotaxis.
The purpose of this investigation is to study how
V. alginolyticus responds to chemoattractant stimulation
in the forward and backward intervals, separately. For
this purpose conditional statistics are collected for those
bacteria that swim forward and backward when an iden-
tical stepwise stimulus is applied. The investigation is
made possible by the use of photolabile NPE-caged-serine,
which is biochemically inert until it is converted to a free
form of serine upon a short exposure to near ultra-violet
(UV) light (5). The caged serine allows uniform stimula-
tion to a population of cells with precise timing and dosage
control. The time-dependent, population-averaged switch-
ing rates kf(t) (CCW to CW) and kb(t) (CW to CCW) are
then determined by video microscopy. Unlike the previous
study (3), the conditional measurements permit the forward
Rf(t) and backward Rb(t) response functions to be deter-
mined. It is shown that while Rf(t) and Rb(t) have similar
temporal behaviors, the amplitude of Rf(t) is nearly twice
as big as Rb(t). The biological and ecological significance
of such response functions is then discussed at the end of
this work.http://dx.doi.org/10.1016/j.bpj.2014.11.3479
FIGURE 1 A schematic of experimental setup and the calibration curve
for uncaging. The sample chamber (SC) is placed on an inverted microscope
and illuminated by a halogen lamp (HL). Videos of bacterial trajectories are
recorded through a 20 objective (O) with a CCD camera (C). The UV irra-
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Bacterial cultures and chemicals
A colony of YM4 was grown at 30C with vigorous shaking at 200 rpm
overnight in LBS medium (1% polypeptone, 0.5% yeast extract, 3%
NaCl) (6). The saturated overnight culture was diluted 1:100 into the min-
imum medium (0.3 M NaCl, 10 mMKCl, 2 mMK2HPO4, 0.01 mM FeSO4,
15 mM (NH4)2 SO4, 5 mM MgSO4, 1% glycerol, and 50 mM Tris-HCl
(pH 7.5)) and grown to an O.D. of 0.2 (7). A 1.5 mL culture was harvested
and spun down at 2000 g for 3 min. After removing the supernatant, 1 mL
TMN motility medium (50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 5 mM
glucose, 30 mMNaCl, and 270 mMKCl) was used to resuspend the culture,
followed by a 5-min centrifuging at 500  g (6). 300–400 mL supernatant
was then carefully diluted into 2 mL TMN and shaken at 200 rpm at room
temperature for at least half an hour.
NPE-caged-HPTS (8-hydroxypyrene-1,3,6-tris-sulfonic acid-8-1-(2-
nitrophenyl)ethyl ether) was purchased from Tocris Bioscience (Ellisville,
MO) to calibrate the photorelease of NPE-caged-serine. It is nonfluorescent
until the fluorescent dye HPTS is uncaged from the protective NPE
group when exposed to UV light. NPE-caged-serine (N-1-(2-nitrophenyl)
ethoxycarbonyl-L-serine) was synthesized according to the reported method
in Khan et al. (5). Immediately before the experiment, 5 mL cell culture was
mixedwith 5mLTMNcontaining 10mMdithiothreitol and different amounts
of NPE-caged-serine. The mixture was then introduced into a 10 mm-deep
chamber and placed on an inverted microscope (model No. TE300; Nikon,
Melville, NY), which is equipped with a charge-coupled device (CCD) cam-
era (EM-CCD C9100; Hamamatsu, Hamamatsu City, Japan).diation is set up via the epifluorescence attachment where light from an arc
lamp (AL) passes through a UV band-pass excitation filter (EF) and a lens
(L), and then is reflected into the objective (O) by a dichroic mirror (DM).
An electronic shutter (S) is placed in front of the arc lamp and opens for
0.1 s to deliver the UV pulse. A 510-nm long-pass filter (LF) is used as
the emission filter for HPTS. (Inset) Calibration of the release of serine us-
ing NPE-caged-HPTS is displayed by plotting the normalized fluorescence
intensity, IN ¼ IHPTS/ImaxHPTS, versus time t. (Black dots) Experimental datum;
(red curve) theoretical fit to the equation IN ¼ 1 – exp(kt). See main text
for more details. To see this figure in color, go online.Flash photorelease and video microscopy
Our experimental setup is schematically depicted in Fig. 1. A light beam
from the xenon arc lamp (75 W; Opti Quip, Highland Mills, NY) is
controlled by an electronic shutter (Sutter Instrument, Novato, CA). The
light passes through the standard epifluorescence microscopy attachment
on the microscope and is introduced into the sample via a 20 objective.
The fluorescence microscope is equipped with a 360 5 40 nm excitation
filter (Bio-Rad, Hercules, CA), a 400-nm dichroic mirror (Chroma Technol-
ogy, Bellows Falls, VT), and a 510-nm long-pass emission filter (Chroma
Technology). A convex lens was inserted behind the excitation filter so
that a circular area (diameter ~2.5 mm) in the sample is uniformly illumi-
nated by the UV light. In a typical experiment, the phase contrast images
of the bacterial swimming trajectories were recorded at a 30 fps video
rate for ~4 s before a 0.1-s UV pulse was applied. The video recording
continued through the next 6 s. Because the diffusion constant of serine
is D ¼ 900 mm2/s and only a very small area ~400  400 mm2 in the center
of the illuminated area is used for imaging, the serine concentration in this
area can be considered constant during the measurement (8). Five sets
of experiments were carried out with the released serine concentrations
c0 x 1, 2.5, 5, 10, and 20 mM.
For each set of experiments, ~100 bacteria trajectories were analyzed.
For the three-step swimmer V. alginolyticus, when the motor turns from
CCW to CW, the cell body orientation is more or less the same. On the other
hand, right after the motor turns from CW to CCW, the flagellum flicks,
quickly deflecting the cell body to a new direction. Also, due to its prox-
imity to surfaces, a bacterial swimming trajectory in the backward direction
is usually more curved than in the forward direction (9). Based on the above
features, most motor reversal events in a trajectory can be identified as
either CCW-to-CWor CW-to-CCW transitions. Those reversals that cannot
be identified without ambiguity can be determined based on the fact that
CCW-to-CW and CW-to-CCW transitions occur alternatively. Very rarely
is there more than one way to interpret the motor reversal sequence of a tra-
jectory, and these trajectories are discarded. Once the type and time of the
motor reversals for each bacterium are identified, the reversal probabilities
Pf/b(t) and Pb/f(t) in the time interval [t  Dt/2, t þDt/2] can be calcu-lated. The switching rates are then obtained: kf ðtÞ ¼ Pf/bðtÞ=Dt and
kbðtÞ ¼ Pb/f ðtÞ=Dt; where Dt ¼ 200 ms. We noticed that for c0 ¼ 20 mM,
almost all cells swim smoothly without motor reversal during the first
second after the UV pulse, indicating that the bacterial response is already
saturated. This concentration is therefore the maximal stimulation used in
this work.
Measured from the trajectories in the shallow chamber before the stimu-
lation, the mean forward swimming duration is 0.43 s with a standard devi-
ation of 0.34 s and the mean backward swimming duration is 0.50 s with a
standard deviation of 0.23 s. In Xie et al. (2), the same quantities were
measured in cells far from the surface. It was found that the mean forward
swimming duration is 0.47 s with a standard deviation of 0.38 s and the
mean backward swimming duration is 0.50 s with a standard deviation of
0.27 s. Therefore the effect of the cell-surface interaction on the switching
rates is negligible.Calibration of released serine upon exposure to a
UV pulse
We used NPE-caged-HPTS to calibrate the amount of serine released in the
experiment (10). HPTS is a fluorescent dye but is nonfluorescent when
caged. When NPE-caged-HPTS is exposed to UV light, HPTS is released
and can be excited in the wavelength range 340–380 nm, yielding the emis-
sion maximum at ~520 nm (10). To measure the uncaging efficiency ofBiophysical Journal 108(3) 766–774
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with mineral oil by pipetting. This resulted in numerous oil-encapsulated
NPE-caged-HPTS droplets that were stable for hours. Under the micro-
scope, a droplet of diameter ~100–300 mmwas chosen, and its fluorescence
intensity was recorded at 1 fps for 15 min while the sample was continu-
ously irradiated by the UV light as depicted in Fig. 1. The UV light uncages
NPE-caged-HPTS as well as excites freed HPTS molecules.
In the inset of Fig. 1, normalized fluorescence intensity IN ¼ IHPTS=ImaxHPTS
as a function of time t is displayed, where ImaxHPTS is the asymptotic maximum
fluorescence intensity. As can be seen, IN increases rapidly from t ¼ 0 and
reaches unity at t| 500 s when NPE-caged-HPTS is depleted. To quantify
the measurement, we model uncaging kinetics using the first-order
rate equation. The concentration of HPTS cfree in the droplet uncaged
from NPE-caged-HPTS with an initial concentration of ccaged can be
described as
dcfree
dt
¼ kccaged  cfree: (1)cfree(t) ¼ ccaged(1 – exp(kt)), and the fluorescent intensity IHPTS f cfree.
For the initial condition cfree(0) ¼ 0, the concentration of HPTS obeys
Because for t> 500 s, IHPTS drops only ~2% by t¼ 900 s, a photobleaching
term is not included in Eq. 1. By fitting the experimentally measured inten-
sity to IN ¼ 1 – exp(kt), we found k ¼ 1.07  102 s1. The calibration
procedure was repeated twice, resulting in k ¼ 1.00  102 and 9.92 
103 s1, yielding the mean uncaging rate of NPE-caged-HPTS to be
k ¼ 102 5 5  104 s1. This rate is proportional to the product of the
extinction coefficient, which is mainly determined by the cage group, and
the quantum yield, which is the probability of uncaging after absorption
of a single photon. In our case, because both serine and HPTS are caged
by the same NPE group, their extinction coefficients can be considered
the same (11). According to Khan et al. (5) and Jasuja et al. (10), the quan-
tum yield of NPE-caged-HPTS is 20 5 4% of NPE-caged-serine. Taking
into account the different light intensities used in the calibration and the
measurements, we found that when the sample is exposed to the UV light
for 0.1 s, ~1.05 0.2% of NPE-caged-serine is uncaged.Biophysical Journal 108(3) 766–774RESULTS AND DISCUSSION
Responses of V. alginolyticus to stepwise
chemoattractant stimuli
The bias of the flagellar motor switch
During chemotaxis, a bacterium actively modulates its mo-
tor rotation depending on external signals. For a two-state
(CCW, CW) flagellar motor, a common way to characterize
the switching behavior is the bias of the motor. In E. coli, for
an example, when no external signal is present, individual
flagellar motor rotates in the CCW direction ~70% of the
time, and the bacterium spends ~90% of its time in the
run mode (4,12). When an external signal is present, this in-
terval is extended (shortened) if the run happens to be along
(against) the chemoattractant gradient (12). The result is a
biased random walk, causing the bacterium to drift toward
the source of the attractant. The motor bias in polar flagel-
lated bacterium V. alginolyticus has not been previously
studied, and below we report observations that reveal impor-
tant differences from E. coli.
We first focus on population statistics of flagellar motor
bias when a stepwise chemoattractant stimulus is applied.
Individual cells are tracked for up to 4 s before and 6 s after
the stimulation. Four typical bacterial trajectories are dis-
played in Fig. 2. It is found that in response to the stepwise
stimulus, the bacteria extend their swimming intervals
regardless of their motor directions, suggesting that unlike
peritrichously flagellated bacteria, such as E. coli, Salmo-
nella typhimurium, and Bacillus subtilis, the polar flagel-
lated bacterium V. alginolyticus can perform chemotaxisFIGURE 2 Bacterial tracks before and after a
stepwise stimulus. The top panels (A and B) show
two bacterial trajectories when the cells are stimu-
lated while swimming forward or in the CCW mo-
tor state. The bottom two panels (C and D) show
two bacterial trajectories when the cells are stimu-
lated while swimming backward or in the CW mo-
tor state. The stepwise stimulation is applied at
t ¼ 0 (see the black arrows) when 20 mM serine
is photoreleased into the medium. (Green and red
curves) Forward and backward swimming seg-
ments, respectively; (large green dots) starting
points of the trajectories; and (small green and
red dots) positions of the cells at an equal time in-
terval of 0.067 s, respectively. (Green arrows in A
and B and red arrows in C and D indicate the cells’
movement directions right before stimulation.)
Because the chamber is shallow, ~10 mm deep,
hydrodynamic interactions between the cells and
the glass surface cause the backward swimming
segments (red) to curve more strongly than the
forward ones (green). For each bacterium, a binary
time trace (1 for forward and1 for backward) can
be constructed and is displayed directly beneath
each trajectory (see text for more details). To see
this figure in color, go online.
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directions. To facilitate quantitation of such a response, cells
were grouped into two classes depending on their motor
rotation states at the moment of stimulation: The subpopu-
lation that swims in the forward direction (or with a CCW
motor) at t ¼ 0 is labeled as a plus-symbol (þ) and the sub-
population that swims in the backward direction (or with a
CW motor) at t ¼ 0 is labeled as a minus symbol ().
Each bacterial trajectory is then described by a binary
function of time. In detail, the trajectory of the ith cell
that belongs to the plus-symbol subpopulation is designated
as ni(tjþ) ¼ þ1 if the cell is going forward at time t and
ni(tjþ) ¼ 1 if the cell is going backward at time t. Simi-
larly, ni(tj–) can be constructed for cells that swim in the
backward direction at time t¼ 0. In Fig. 2, these time traces,
ni(tjþ) and ni(tj–), are presented in the lower panels of their
corresponding trajectories. These traces make clear that
elongation of the swimming intervals after a stepwise stim-
ulation (20 mM serine) is statistically very significant.
For a systematic study, different concentrations of serine
c0 were used, corresponding to c0 x 1, 2.5, 5, 10, and
20 mM, and N ~ 50 cells were tracked for each subpopula-
tion. Fig. 3 shows the bias function
B5 ðtÞh
XN
i¼ 1niðtj5 Þ=N
as a function of time when cells are stimulated at t ¼ 0.
By this definition, initially B5(t ¼ 0) ¼ 51 and over
time B5(t) decay to zero, meaning that half of the subpop-
ulation swims forward and the other half backward. This is
also true for t% 0, as delineated in Fig. 3, A–F, indicatingFIGURE 3 Persistence in motor bias of the flagellar motor upon a stepwise sti
(B–F) persistence in motor bias after different levels of chemical stimuli (c0x 1
are for Bþ(t) (B(t)), representing the persistence in the bias of the subpopulation
that before and long after the stimulation, the bacteria do not have a preferred sw
immediately after the stimulation, the cells significantly prolong their motor ro
go online.that in the absence of chemical cues, or in a steady state,
there is no preferred motor direction in the subpopulations.
Thus, Bþ(t) (B(t)) is the conditional probability that a cell
swims in the forward (backward) direction at time t given
that it is in the forward (backward) direction at t ¼ 0.
Fig. 3 A indicates that in the steady state where there is
no chemical stimuli, bias decays very rapidly with a
time constant ~0.2 s. This fast decay is a result of random,
spontaneous motor reversals and provides a baseline for
further analysis.
The situation is quite different when a chemical signal is
present (t> 0) as illustrated by Fig. 3, B–F. This motor state,
either forward or backward, is extended by the stimulation,
and the persistent time gets longer as the stimulation level
increases. The data also show that for a sufficiently long
time, B5(t) decays to zero, indicating that the bacterium
is able to adapt to the new level of attractant in both swim-
ming directions. It should be mentioned that for most of
serine concentrations used, the stepwise stimulation elicits
a stronger response in the forward intervals than the back-
ward ones, i.e., there is a greater persistence in forward
than in backward swimming after stimulation. Quantita-
tively, this can be seen in Fig. 3, B–E, where B(t) in general
decays faster than Bþ(t). Interestingly, however, this differ-
ence appears to diminish as c0 increases, as delineated in
Fig. 3 F, where B(t) and Bþ(t) become almost symmetric
for c0 ¼ 20 mM.
The switching rates kf and kb of the flagellar motor switch
The more fundamental quantities characterizing flagellar
motor switches are the time-dependent switching rates,mulation. (A) Persistence in motor bias when there is no chemical stimulus;
, 2.5, 5, 10, and 20 mM) were administrated at t ¼ 0. The green (red) curves
that is swimming forward (backward) at t ¼ 0. The measurements showed
imming direction, giving B5(t < 0)x B5(t > 3 s)x 0. On the other hand,
tation state, resulting in slow decay of B5(t). To see this figure in color,
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770 Xie et al.kf(t) and kb(t), i.e., the probability per time that a bacterial
flagellar motor makes the transition from CCW to CW rota-
tion and from CW to CCW, respectively. Fig. 4 displays
these time-dependent rates when the bacteria are stimulatedFIGURE 4 Flagellar motor switching rates kf(t) and kb(t) resulting from a ste
concentration jumps from 0 to c0 ¼ 1, 2.5, 5, 10, and 20 mM, respectively. (F–
from 0 to c0 ¼ 1, 2.5, 5, 10, and 20 mM, respectively. (Blue dashed line) Averag
using Eq. 6. To see this figure in color, go online.
Biophysical Journal 108(3) 766–774with different c0. For t < 0, both kf and kb fluctuate around
the steady-state switching rates kf0x 2.35 0.1 s
1 and kb0
x 1.9 5 0.1 s1, which are delineated by the blue dashed
lines in the plots. Three features were observed.pwise stimulus. (A–E) The value kf(t) before and after the ambient serine
J) The value kb(t) before and after the ambient serine concentration jumps
e prestimulation rates kf0 and kb0, respectively. (Red curves) Fitting results
Marine Bacterial Chemoresponse 7711. Both kf (Fig. 4, A–E) and kb (Fig. 4, F–J) recover the
prestimulation levels for a sufficiently long time. This
shows that, for the given range of c0, the chemotaxis
network of V. alginolyticus adapts nearly perfectly to
serine. Such a behavior is similar to E. coli’s response
to aspartate but not to serine; the latter was found to be
imprecisely adaptive at concentrations higher than
1 mM (12).
2. Shortly after stimulation, both kf and kb decrease as a
result of exposure to serine, and the amplitude of the
responses correlates strongly with c0. For a relatively
high-level serine stimulus, such as c0 ¼ 20 mM
(see Fig. 4, E–J), the decrease in the switching rates
can be greater than their steady-state values. As a result,
kf and kb remain zero for some time (~1 s) before rising
toward the prestimulation value.
3. For a low-level stimulus, the responses in the forward
and backward directions are not symmetrical. For
example, in the case of c0 ¼ 1 mM, while kf(t) drops
significantly by ~1.5 Hz, little change is seen in kb(t).
This suggests that the flagellar motor in the CW state
is less sensitive to the change in the regulator protein
(CheY-P) concentration than its CCW counterpart
(see more discussion below). However, this asymmetry
appears to disappear when the stimulation level is
increased. This behavior is similar to what is observed
in the previous subsection.
The above rate measurements reveal an important differ-
ence between V. alginolyticus’s and E. coli’s response to a
chemoattractant stimulus: While both microorganisms
reduce the motor switching rate when it is in the CCW state,
the response of a CW-rotating motor is exactly opposite
in the two organisms, i.e., while kb is reduced in
V. alginolyticus, the corresponding rate in E. coli is
increased (13). From the standpoint of a microorganism,
both responses make good sense. Because V. alginolyticus
is a bidirectional swimmer and able to pursue chemoattrac-
tant in both forward and backward swimming directions, by
extending the backward swimming interval when positively
stimulated, the cell can migrate closer to the source of
attractant. On the other hand, because the CW state cannot
produce displacement for E. coli, quickly switching out of
that state upon being positively stimulated so that the cell
can pursue new opportunities also makes good biological
sense. However, how the microorganisms use the essentially
identical set of regulatory proteins to achieve this remark-
able feat is fascinating and remains to be investigated.Theoretical interpretations
Modeling the chemotaxis response of V. alginolyticus
Based on extensive experimental data on the chemotaxis
network of E. coli, a concise mathematical model was pro-
posed by Tu et al. (14). In their work, the cooperativityamong chemoreceptors is described by the MWC model,
where the activity a of the kinase CheA (0 % a % 1) is
determined by the methylation-dependent free energy fm,
and the attractant-binding-dependent free energy fc. Denot-
ing the dissociation constants of inactive and active forms
of receptors as KI and KA, they found fc(c) ¼ ln[(1 þ c/KI)/
(1 þ c/KA)], where c is the chemoattractant concentration.
Taking into account the biochemical interactions among
different regulatory proteins, the model predicts the output
of the chemotaxis network, i.e., the CheY-P concentration
fluctuations around the equilibrium value [YP]0, D[YP] h
[YP]  [YP]0, with the result
D½YPðtÞ ¼
Z t
RYðt  t0ÞDfcðt0Þdt0; (2)
where Dfc is the deviation of fc from its prestimulation value,
and RY(t) is the response function of [YP] given by
RYðt>0Þ ¼ RY0½tzexpðt=tmÞ  tmexpðt=tzÞ=ðtm  tzÞ:
(3)
Here, tm and tz are, respectively, the methylation and
dephosphorylation times, and RY0 ¼ Na0(1 – a0)ka is the
gain of the response, which depends on the equilibrium
activity a0 of CheA, the number N of subunits in the chemo-
receptor cluster, and the effective phospho-transfer rate ka
from CheA to CheY.
Compared to the chemotaxis system of E. coli, much
less is known about the biochemical processes in
V. alginolyticus. However, progress can still be made
because of conservation of gene sequences and protein func-
tions. Comparative studies have shown that at the receptor
level, although E. coli has only five methyl-accepting
chemotaxis proteins or (in short) chemoreceptors, there
are more than 20 putative methyl-accepting chemotaxis pro-
teins in V. alginolyticus. Despite such differences, organiza-
tion of receptors in diverse bacterial species is remarkably
the same. Namely, functional receptors tend to cluster
around poles of a cell body and the cluster size can be re-
modeled by external signals (15,16). This suggests that in
different bacteria, receptors function by forming arrays to
promote cooperativity and to increase their sensitivity. The
mathematical formulation of fc(c) for E. coli is therefore
expected to be applicable to other bacteria including
V. alginolyticus.
At the regulation level, V. alginolyticus has all six core
chemotaxis proteins of E. coli, Che(ABRWYZ). Two excep-
tions are as follows.
1. V. alginolyticus possesses CheV, a chemotaxis protein
that is also identified in other bacterial species and
involved in adaptation (17).
2. V. alginolyticus appears to have an additional putative
CheY coded by a gene remote from all other che genes
on the bacterial chromosome.Biophysical Journal 108(3) 766–774
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cheY, which is between cheZ and fliA, in the strain YM4
was deleted, the cell cannot respond to either chemoattrac-
tant or chemorepellent, indicating that the gene product
of this cheY is the only chemotaxis response regulator in
YM4 that interacts with the polar flagellar motor. This
observation is consistent with an earlier study demonstrating
that this canonical copy of CheY controls both the polar and
lateral flagellar motor switches (18). And the six che genes
(cheA, B, R,W, Y, and Z) in V. alginolyticus share significant
homology with those of E. coli, suggesting that their func-
tions in the chemotaxis network are similar as well. For
example, 84% of the amino acids of V. alginolyticus’
CheY protein are identical to those of E. coli. Moreover,
the functional sites, such as the sites for phosphorylation
and motor docking of these two CheY proteins, are almost
identical, suggesting that V. alginolyticus’ CheY and
E. coli’s CheY may be interchangeable (18). Hence, below
we will assume that Eq. 2 can also be used to describe con-
centration fluctuations of [YP] in V. alginolyticus in response
to a chemical stimulus.
Recently, we characterized the switching behavior of the
polar flagellar motor of V. alginolyticus and found that in
contrast to E. coli’s flagellar motor, an increase in [YP] in-
creases both kf and kb (L. X., J. He, T. Altindal, and X.-L.
Wu, unpublished data). Specifically, around the physio-
logical concentration [YP]0, kf([YP]) and kb([YP]) can be
described as
kxð½YPÞ ¼ kx0

1þ Hx½YP0
½YP  ½YP0

; (4)
where x ˛{f, b}, and Hx is a gain factor of the motor.
Combining Eqs. 2 and 4, the response of k and k to a chem-f b
ical stimulation can be written as
kxðtÞ ¼ kx0

1þ Hx½YP0
Z t
RYðt  t0ÞDfcðt0Þdt0

: (5)
In our experiment, cells were suspended in the motility
buffer and a fixed amount of serine was released by the pho-
tolabile compound during a short interval of 0.1 s. Because
free serine was created over a sufficiently large area, we
expect
cðtÞ ¼

0 t%0
c0 t>0;
which gives Dfc ¼ ln[(1 þ c0/KI)/(1 þ c0/KA)] for t > 0.
Replacing this result in Eq. 5 yieldsFIGURE 5 Response amplitudes Rf0 and Rb0 as a function of c0. (Green
squares and red dots) The measured Rf0 and Rb0, respectively. (Green
and red lines) Fitting results for Rf0 and Rb0 using Rx0 ¼ ln(1 þ c0/KI) 
H R /[YP] , respectively. To see this figure in color, go online.kxðtÞ ¼ kx0

1 Rx0 tZtm
tm  tZ

exp

 t
tm

 exp

 t
tZ

;
(6)
where Rx0 ¼ HxRY0Dfc/[YP]0 is the overall chemotaxis
response amplitude. x Y0 0Biophysical Journal 108(3) 766–774Comparisons with the experimental observations
To extract quantitative information for the chemotactic
network of V. alginolyticus using the above theoretical
model, curves in Fig. 4 were fitted using Eq. 6. To minimize
the number of free parameters, the steady-state switching
rates kf0 and kb0 are assumed to be known, determined by
averaging kf(t) and kb(t) from t ¼ 2 s to t ¼ 0 s. The re-
maining constants in Eq. 6, such as Rx0, tz, and tm, are
treated as adjustable parameters. To account for the satura-
tion in responses at c0 ¼ 10 and 20 mM, where kf(t) or kb(t)
remains zero for >1 s, parameters that cause kx(t) to be
negative are allowed, but negative kx(t) is replaced by
zero. Within the linear-response approximation, tz and tm
are expected to be independent of c0 and should be treated
as global fitting parameters. As shown by the red lines in
Fig. 4, the quality of the fits is satisfying, considering that
effectively Rx0 is the only local fitting parameter for each
curve. The nonlinear regression procedure yields tm ¼
1.295 0.04 s and tm ¼ 0.285 0.01 s. These chemotactic
timescales in the marine bacterium are considerably shorter
compared to those observed in E. coli (4,14).
As for the response amplitudes, it was found that Rf0 ¼
2.8 5 0.6, 5.2 5 0.6, 8.8 5 1.2, 7.5 5 0.9, and 8.9 5
1.2 Hz for the forward intervals (see Fig. 4, A–E), corre-
sponding to c0 ¼ 1, 2.5, 5 10 and 20 mM, respectively,
and that Rb0 ¼ 2.6 5 0.6, 4.9 5 0.6, 4.9 5 0.6, and
7.1 5 0.9 Hz for the backward intervals (see Fig. 4, G–J),
corresponding to c0 ¼ 2.5, 5, 10, and 20 mM, respectively.
In Fig. 5, the amplitudes of the responses, Rf0 (green
squares) and Rb0 (red dots), are plotted for different serine
concentrations c0. Here both curves appear linear when c0
is plotted on a semilogarithmic scale, indicating that chem-
ical sensing of the marine bacterium obeys Weber’s law,
like many other biological systems (19). Moreover, from
these measured response amplitudes, the binding affinity
(or the association constant) KI between serine and the
chemoreceptors can be estimated because Rx0 is linear
in Df(c) ¼ ln[(1 þ c/KI)/(1 þ c/KA)], which can be
Marine Bacterial Chemoresponse 773approximated as Dfc z ln(1 þ c0/KI) when KA[ c0. By
fitting the amplitudes to Rx0 ¼ ln(1 þ c0/KI)  HxRY0/
[YP]0 as shown in Fig. 5, the binding affinity is found to
be KI z 0.39 5 0.25 mM, HfRY0/[YP]0 ¼ 2.7 5 0.6 Hz,
and HbRY0/[YP]0 ¼ 1.6 5 0.4 Hz. Because RY0 and [YP]0
are parameters of the chemotaxis network that are indepen-
dent of the motor state, the ratio of the above slopes yields
immediately Hf x 1.7 Hb. Thus, around the physiological
[YP]0, the gain of the motor in the CCW state is nearly twice
of that in the CW state. The most likely possibility for this
difference is that the motor switch has a higher sensitivity
to the regulator protein CheY-P when in the CCW state
than in the CW state.
A possible biophysical reason for asymmetric flagellar
motor response
Although it is difficult to know exactly why there is an
asymmetry in the response of the cell in the forward and
backward swimming intervals, its motility pattern may pro-
vide some clue. In the presence of a chemical gradient,
it may be more advantageous to break the symmetry. Note
that due to the flick that randomizes cell orientations, a for-
ward displacement cannot retrace the previous backward
trajectory but when the cell switches from forward to back-
ward swimming, the cell can backtrack the previous forward
trajectory. As a result, if the cell moves down the gradient
during a forward run it can revisit the more favorable
pasture by reversing its motor. However, if the backward
swimming is in the unfavorable direction, a motor reversal
is highly unlikely to orient the cell into the favorable direc-
tion. Therefore, forward and backward swimming intervals
are not equivalent; the forward swimming is more suitable
for exploration but the backward swimming is more suitable
for exploitation or localization. Hence, when stimulated by
an attractant, kf should have a stronger response than kb so
that the cell can locate a nutrient source with a weak
gradient. An alternative way to illustrate the advantage of
the asymmetry is by analyzing the drift velocity vd in a
linear gradient. Combining Eq. 7 in Altindal et al. (20)
with Eq. 6, it can be shown that
vd ¼ v
2Vfct
2
0tztm
6ðt0 þ tzÞðt0 þ tmÞ

Rf 0  Rb0 tztm  t
2
0
ðt0 þ tzÞðt0 þ tmÞ

;
(7)
when kf0 x kb0 x t0
1, which is a good approximation
for YM4. In the above, v is the bacterial swimming speed,
t0 x 0.5 s is the average swimming interval, and tz x
0.3 s and tm x 1.3 s are the phosphorylation and methyl-
ation times, respectively, according to our measurements.
In the limit KI  c  KA,
VfcxVlnðcÞxVc=c;
where c can be considered the local chemical concentration
2to which the bacteria adapt. We note that because tztm t0> 0, the second term in the bracket is negative. This nega-
tive term results from the memory effect in chemo-sensing
during backtracking, because the gradient sensed by the
cell could be opposite to the one it currently experiences
(20,21). Therefore, if a large vd is desired for chemotaxis,
Eq. 7 shows that a large Rf0 and a relatively small Rb0 is
beneficial.CONCLUSIONS
This work addresses the intriguing issue of how a marine
bacterium regulates its polar flagellar motor switch in
chemotaxis. Why is this switch regulated in a different
manner compared to E. coli? From a biological perspective,
these two bacteria have the same basic need of migrating in
a chemical gradient rapidly, but their motility patterns are
distinctively different: The marine bacterium can swim bidi-
rectionally but the enteric bacterium swims when the motor
is in the CCW state; the CW state is reserved for a different
function to randomize the swimming direction. The impor-
tant question then is how cells remodel their regulatory
machineries (i.e., the software) to match their motility appa-
ratus (i.e., the hardware) in order to achieve the optimal
chemotactic behavior. Via a stepwise stimulation, our
work demonstrates the following.
1. The significant difference in the motility apparatuses of
the two bacteria completely reverses the input-output
relationship of the chemotaxis response when the motor
is in the CW state. Specifically, for V. alginolyticus, a
positive stimulus reduces the switching rate kb of the
CW state in the same way as it reduces kf of CCW state.
This is exactly the opposite to E. coli (13).
2. It is noteworthy that the difference in the swimming
speeds of these two bacterial species is reflected in the
difference of their response timescales of the chemotaxis
network. Specifically, we found that tz and tm in
V. alginolyticus are approximately one-half of those
found in E. coli (4,14). In oceans, V. alginolyticus swims
at a speed of ~100 mm/s, much higher than E. coli.When
detecting a chemical gradient by temporal sensing, a
higher swimming speed requires a shorter processing
time so that the cell can respond swiftly and does not
drift in an unfavorable direction for too long.
The emerging picture of how V. alginolyticus coordinates
its motility pattern for chemotaxis is the following: Similar
to E. coli, when the marine bacterium migrates up an attrac-
tant gradient, an increasing binding of the attractant to the
receptor reduces CheA activity, resulting in a decline of
[YP] inside the cell. The decrease in [YP] leads to a reduc-
tion in both switching frequencies, kf and kb, so that the
cell can persist in its direction regardless of the motor state.
On the other hand, if the cell descends an attractant gradient,
the above process reverses so that the cell is more likely to
reverse the motor direction by increasing the switchingBiophysical Journal 108(3) 766–774
774 Xie et al.frequencies, kf and kb, again regardless of its motor states.
Despite their contrasting motility patterns, therefore,
V. alginolyticus and E. coli achieve the same chemotaxis
goal by extending runs in the favorable direction and cutting
short those in the unfavorable direction. As a result, both of
them are able to migrate toward an attractant source using a
biased random walk.
A large class of marine bacteria has a single polar flagel-
lum powered by a bidirectional flagellar motor similar to
V. alginolyticus. Due to low-Reynolds-number hydrody-
namics, the motility patterns of these bacteria are likely to
be run-reverse or run-reverse-flick for which some evidence
is already available (2,22). The chemotactic response of
V. alginolyticus is well suited for this class of bacteria. How-
ever, whether these bacteria adopt this unique response is an
open question but can be answered by future experiments. In
these experiments one expects to observe that symmetry in
the chemotaxis response is tied to the symmetry in the
motility pattern, e.g., in the completely symmetrical case
where a cell does not differentiate forward and backward
swimming, which requires no flicking, the symmetry in
the responses in the two motor states should be completely
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